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Abstract—The rapid growth of grid-connected distributed generation has increased the likelihood of over-voltage occurrences
in distribution networks. In recent times, much research has
taken place in order to develop a control strategy to mitigate the
voltage rise problem. However, most of the published strategies
require re-tuning when additional resources are connected, or
have a strong dependence on network parameters, such as fault
level. This paper proposes a novel over-voltage mitigation scheme
that has many advantages not observed in literature. Firstly, the
control scheme can integrate with an existing feeder in a plugand-play fashion. No prior analysis is necessary to configure
the control parameters; all required information is measured
locally. Secondly, the control scheme is a simple extension upon
constant power control which is common in most grid-connected
inverter interfaces. Finally, the proposed over-voltage mitigation
scheme enforces a fair and equitable power flow allocation.
The scheme contains a predefined point of convergence for any
voltage magnitude measured at the point of common coupling.
Many control schemes operate in a perturb and observe manner
which can inadvertently allow certain DG units to export a
disproportionate amount of power with respect to other DG
units. This paper also details a methodology for analysing the
cost effectiveness of any given DG configuration utilising the
proposed over-voltage mitigation scheme. The analysis is useful
for determining whether a network infrastructure upgrade may
be necessary as power curtailment becomes more prevalent
within a distribution network.
Index Terms—Over-voltage, distributed generation, inverters,
distribution networks.

I. I NTRODUCTION
The recent growth of inverter-interfaced grid-connected distributed generation (DG) in Australian distribution networks
(DNs) has been a contentious issue within the power community of late. There are many advantages of grid-connected DG,
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including promoting the use of renewable energy resources,
improving fault ride-through, reducing losses in the DN and
deferring infrastructure upgrades for the utility. However,
there are also various potential complications involved with
grid-connected DG. Most notably, power quality problems
such as over-voltage (OV) may arise as well as protection
maloperation [1], [2], [3].
Utilities have recorded instances of OV at the point of
common coupling (PCC) of DG units and have subsequently
imposed limits on the maximum size of a DG installation [4].
OV incidents generally occur under low local load conditions
in networks where a significant short circuit impedance exists between the DG unit and the nearest upstream voltage
regulated point. Grid-connected DG units do not explicitly
regulate voltage. DG units most commonly regulate the output
real power at unity power factor; the resultant frequency and
voltage are line-commutated [5], [6].
Possible OV prevention methods in DNs with a significant
DG presence have been investigated by various authors. These
methods shall be reviewed in Section II. The difficulty of OV
prevention arises through the conflict between the business
case for DG installation and the technical requirements stipulated within the Australian and IEEE Standards. A customer
wishes to output as much energy as possible to maximise
their return. However, if a maximum power output results
in an OV situation, the loss of equipment life is generally
more expensive than the extra income earned throughout the
low load condition period. To satisfy both the technical and
economic demands of DG connection, many papers have discussed the use of reactive power absorption in order to mitigate
the voltage rise while still allowing maximum apparent power
output [1], [7]. This paper shall provide a novel control scheme
for multiple DG units that ensures fair return on investment
and maintains the voltage of the grid within the stipulated
bounds expressed in [8].
Inverters have been adopted as the preferred DG grid
interface within this paper for a variety of reasons. Firstly,
inverters have become increasingly popular in Australian DNs;

installations have dramatically increased due to government
incentives and the cost of infrastructure and installation has
consistently decreased over the last several years [9]. Secondly,
the robust nature of inverter control is imperative for the
advanced control schemes required to allow DNs to function
as desired when a high DG penetration is present. Finally, the
decoupling of the dynamic response of the energy resource
from the grid is essential for seamless integration of the
DN with the stochastic nature of renewable energy resources.
Furthermore, more progressive notions such as the Microgrid
concept require fast load following via droop control during
intentional islanding operation which is best realised through
use of an inverter interface [10], [11].
The remainder of this paper is organised as follows. Section II provides a review of the OV mitigation schemes
proposed by various authors. Section III outlines the proposed
OV mitigation scheme. A methodology for performing a cost
analysis of a DN with DG implementing the new scheme in
shown in Section IV. Section V contains the conclusions and
recommendations.
II. R EVIEW
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H IGH DG P ENETRATION
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The simplest way to avoid OV in DNs with DG penetration
is to place restrictions on DG size and location within the
planning process. Australian utilities can impose a restriction
on the size of a proposed DG unit upon application [12]. The
current philosophy of DG control stipulates fixed power at
unity power factor - a paradigm which suppresses the growth
of DG penetration in Australian DNs. The worst case voltage
profile can be determined by approximating the low load
condition of a DN and running continuous load flow analyses
for DG sizes until the voltage limit is breached. Such an
exercise is time intensive and shown to be unnecessary through
voltage sensitivity analysis as shown by Ayres et al. in [13].
Voltage sensitivity analysis manipulates the Jacobian matrix
in order to predict the maximum DG size permissible before
an OV is likely to arise. The Jacobian matrix is an array
of the linearised rates of change tangential about a given
operating point. For small deviations, linearisation can give
a reasonably accurate representation of a network’s expected
performance. Ayres’ work is extended upon in [14] where the
loadability of a line is also considered to ensure the thermal
limits of a distribution network are not exceeded under low
load conditions. However, these papers do not explore the
plausibility of an OV management scheme which could
allow for a greater DG penetration. The authors in [1] use
the sensitivity matrix to approximate the appropriate power
factor for a DG unit in a worst case low load scenario. The
sensitivity analysis is useful for determining a reasonably fair
method for allocating the reactive power license of each DG
unit with respect to that DG unit’s position in a DN. Various
reactive power control methods are outlined in [1] and [15]
ranging from constant power factor, to real power-dependent
power factor and voltage-dependent reactive power control.
The principal weakness of these control strategies is the

necessary reconfiguration whenever a network upgrade occurs
or a new DG unit is installed.
Consider the scenario where each DG unit is to be coupled
with an energy storage device such as batteries. In such
a case, any surplus power produced by the distributed
energy resources shall be diverted into the battery bank, thus
eliminating the risk of producing an OV caused by exporting
more power than is being absorbed locally. Under continuous
low load conditions, it may be possible that the batteries may
be filled to capacity. The power set points of the inverter
interface must then be altered or the DG unit will trip due
to the OV anti-islanding protection. Such a problem can be
mitigated through the appropriate sizing and control of the
battery bank. However, it is important to note that the most
significant deterrence of the installation of battery banks
remains the exorbitant cost and slow return rate. It is unlikely
that most customers would invest in energy storage unless
either the cost of storage is reduced or significant benefits
were to arise such as the possibility of intentional islanding.
Intentional islanding is forbidden by Australian Standard
4777.3 [8] and, as such, shall not be considered within this
paper.
Another possible technique for OV mitigation is demandside load management. If load behaviour could be configured
to coincide with times of maximum generation, the risk
of OV could be greatly diminished. However, customer
and load coordination can be particularly challenging as
maximum DG availability can be unpredictable. Even in the
case of solar irradiation being somewhat predictable due to
the quotidian nature of our planet’s rotation, the maximum
solar irradiance tends to occur when people are at work.
In a commercial site, this coincidence is fortunate, but for
residential premises, there exists a disparity between load and
generation availability. It is generally accepted that variable
tariffs and consumer awareness can be used to curb power
usage during peak times [16]. However, under low load
conditions where OV instances are most likely, there may be
little extraneous load that customers are willing to incur. The
notable exception is the off-peak power usage of hot water
systems; hot water water systems are capable of storing heat
for large periods of time. While demand-side management
can be implemented to ease the disparity between generation
availability and demand during times of peak load, off-peak
demand-side load management schemes will likely coalesce
into an energy storage problem, yielding a situation similar
to that explored previously with power diversion into battery
banks. For similar reasons, demand-side management schemes
shall not be considered within this paper.
Assuming that most customers do not invest in energy
storage, the next most viable option for OV mitigation whilst
maximising return is reactive power absorption. Currently,
Australian DG unit proprietors are paid for real power
injection only. There is a strong case that eventually reactive

power may become a marketable commodity within DNs
[17]; however, the notion of reactive power remuneration is
unlikely to be prevalent in Australian DNs in the near future
and hence the notion shall not be included in this paper.
Without reactive power remuneration, it makes financial
sense for a DG unit to absorb reactive power during OV
to maintain the voltage within acceptable levels, rather than
solely reducing the real power export. A small amount of
real power output capacity is lost when reactive power is
injected or absorbed by an inverter. The capability curve
is derivative of the rated current restriction assuming the
inverter is operating at rated voltage; a current restriction
is implemented to prevent damage to the power electronic
switches of the inverter interface. The utility imposes strict
boundaries on the power factor produced by any DG unit; for
example, 0.85 leading or lagging according to the standard
IEEE 929 [18]. An OV mitigation scheme’s configuration
must be commensurate with these boundaries.
If the limitations of reactive power absorption are met,
then the real power set point of the inverter interface must
be limited as proposed by Calderaro et al. [7]. Calderaro et
al. builds on the sensitivity matrix work presented by Ayres
et al. in [13] to provide an OV mitigation algorithm. The
algorithm accounts for both the voltage and current limitations
of the DG unit. There are two main drawbacks to Calderaro
et al.’s algorithm. Firstly, a knowledge of the sensitivity of
the network is required and the control scheme needs to be
reconfigured whenever a significant alteration occurs in the
DN. Hence, the Calderaro system cannot be considered as
‘plug-and-play’. Secondly, the perturbation and observation
nature of the control scheme can make convergence to a
preferred set point for each DG unit difficult and potentially
produce disproportionate power flow allocations between DG
units. In comparison, the OV mitigation protection scheme
proposed within this paper requires only local readings and
converges to a predefined point to ensure fair power flow
within a DN.
III. N OVEL OV M ITIGATION A LGORITHM
The proposed OV mitigation algorithm is designed to
ensure a fair power flow allocation using only locally sourced
data. The algorithm incorporates the capabilities of the
inverter interface, the available power from the distributed
energy source as well as the stipulated requirements of the DN.
Firstly, a voltage limit shall be imposed as in (1).
|V~DG | ≤ Vlimit

(1)

~DG | is the voltage magnitude at a DG unit’s PCC
Where |V
and Vlimit is the voltage magnitude limit imposed by the OV
mitigation algorithm. The voltage limit should be chosen to
be below the OV threshold of the anti-islanding protection
system to avoid nuisance tripping.

A power factor limit is also imposed in order to abide by
standards such as the IEEE Standard 929 [18].
p.f.limit = cos(θlimit ) ≤

P
~
|S|

(2)

Finally, the power capability curve of the inverter interface
is represented as a semicircle. As mentioned briefly in the introduction, the capability curve is implemented by the control
scheme to prevent damage to the power electronic switches.
The domain of complex power operation is expressed in (3).
~ x = C : |~x| ≤ |Srated |, 0 ≤ arg(~x) ≤ θlimit }
Sǫ{~

(3)

It is assumed within this paper that reactive power injection
is forbidden. Ergo, the imaginary component of the complex
~ will always be non-negative. The inclusion of
power S
reactive power injection shall be explored in future work.
Beyond the constraints defined in (1), (2) and (3), the control
scheme must provide a fair and equitable solution to avoid OV
and maximise real power output. Firstly, it must be understood
that it is preferable to absorb reactive power before reducing
real power below the value defined on the outermost limit
of the power capability domain. It is only when the power
~ should be
factor limit is reached that the apparent power |S|
deliberately curtailed. The power factor limit is maintained
during apparent power curtailment, again with the purpose of
maximising real power output.
Given that the available apparent power Savailable is known,
the domain of steady-state operation can be reduced to (4).
~ x = C : |~x| = Savailable , 0 ≤ arg(~x) < θlimit }
Sǫ{~

(4)

Until real power curtailment is necessary to reduce the voltage
when the domain changes to (5).
~ x = C : 0 ≤ |~x| ≤ Savailable , arg(~x) = θlimit }
Sǫ{~

(5)

The available apparent power Savailable is capped at the rated
apparent power of the system Srated . Without some form of
energy storage coupled to the DC side of the inverter, the
available power may drop below the rated power of the
inverter. In such a case, the value of available power can be
sourced from the maximum power-point tracker (MPPT).
If a single DG unit is present within a grid, the control
scheme could utilise a constant voltage magnitude limit.
Reactive power absorption would begin once the voltage
magnitude threshold was reached. The controller would
operate in a perturb and observe fashion, where the maximum
real power in achieved using the domains of (4) and (5) where
the voltage limit is not exceeded satisfying (1). If the power
factor limit was met and the voltage still exceeded the voltage
magnitude threshold, then apparent power curtailment would
begin until the voltage condition was satisfied. However, when
multiple DG units are connected to a DN, a constant voltage
threshold can incite power export contests. Without some
form of communication medium, there is no way to prevent
a set of DG units from inadvertently and needlessly forcing
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Fig. 1. Proposed OV Mitigation Scheme: Power Factor and Voltage Magnitude Relationship

Fig. 2. Proposed OV Mitigation Scheme: Apparent Power and Voltage
Magnitude Relationship

other DG units into apparent power curtailment submission.
There would also be an inherent stability problem with
no clear point of convergence throughout this perturb and
observe control scheme.

degree of freedom otherwise. The real and reactive set points
can be determined from (8) and (9).
~
P = |S|p.f.

(8)

The proposed OV mitigation scheme uses piecewise equations to define the real and reactive power set points based on
~ | at the PCC and the available apthe voltage magnitude |V
parent power Savailable sourced from the MPPT. The piecewise
equations are defined in equations (6) and (7). The piecewise
equations are segregated by three voltage magnitude threshold
tiers V1 , V2 and V3 . Example plots are shown in figures 1 and
2 using the data in table I.

q
~ 1 − p.f.2
Q = |S|

(9)

TABLE I
E XAMPLE VALUES
Parameter
V1
V2
V3
p.f.limit
~
|S|

p.f. =




1−p.f.limit ~
V1 −V2 (|V


~ =
|S|





Set Point
1.01 p.u.
1.02 p.u.
1.03 p.u.
0.85
1 p.u.

~ | ≤ V1 ,
1 if |V
~ | ≤ V2 ,
| − V1 ) + 1 if V1 ≤ |V
p.f.limit otherwise.
Savailable
| − V3 )
0

Savailable ~
V2 −V3 (|V

~ | ≤ V2 ,
if |V
~ | ≤ V3 ,
if V2 ≤ |V
otherwise.

(6)

(7)

The voltage thresholds V1 , V2 and V3 are predefined and
common to all generators. The relationship Vnominal < V1 <
V2 < V3 <= Vlimit must be satisfied, but there is a considerable

These power set points are then exported to a typical
constant power inverter control system to determine the
gating signals for the power electronic switches.
There are many advantages of the proposed OV mitigation
scheme to those reviewed in Section II. Firstly, there is no
need for a sensitivity analysis to be run to choose the set
points for any stage of the algorithm. It must be stressed
that the analysis provided in Section IV is only a tool for
investigating the business case for DG installation and network
infrastructure upgrades. The algorithm is not required for the
normal operation of the proposed OV mitigation scheme.
Secondly, each DG unit can be installed and removed in a
plug-and-play manner. No recalibration of any other control
system is necessary. However, the expected return rate of a DG
unit may change. Section IV defines a method to approximate
the incurred gain or loss due to any alteration within a DN. The
proposed OV mitigation scheme harnesses the stability and
simplicity of constant PQ control and merely selects the P and
Q set points based on the recorded voltage at the corresponding
DG unit’s PCC and the available apparent power from the
distributed energy resource.
Finally, a clear point of convergence is defined by the
piecewise equations, (6) and (7). The voltage threshold tiers
must be common among all DG units within a feeder in
order to ensure fair power distribution. While it may not be
a completely egalitarian approach to power management, it is
reasonable to allow upstream DG units with a low short circuit

impedance to export more power than downstream DG units
with a higher short circuit impedance. Voltage sensitivities
show that upstream DG units are much less likely to produce
an OV incident than downstream DG units. The piecewise
equations (6) and (7) are intentionally designed to naturally
allow better located DG units to export a greater real power
than DG units considered more problematic.
IV. S TEADY-S TATE L OAD F LOW M ODELLING
I NCORPORATING THE OV M ITIGATION A LGORITHM
In order to perform an accurate cost analysis of DG unit
installation, it is imperative to have an energy output forecasting tool. If a DG unit is susceptible to OV instances,
an OV mitigation algorithm represents a loss of income.
In order to determine this loss, load profiling and energy
availability data can be integrated into a steady-state modelling
tool to approximate the expected energy export curtailment
throughout the life of the DG unit. This section shall provide
that steady-state modelling tool.
The steady-state modelling tool begins with Newtonian linearisation in order to express the approximate voltage sensitivity of multiple DG units in a DN. The sensitivity matrix can be
expressed as in (10). The Jacobian elements are the linearised
rates of change tangential to a known operating point. The
equations for the Jacobian elements are well established in
the Newton-Raphson load flow algorithm. However, unlike the
traditional Jacobian matrix, the non-diagonal elements of each
quartile matrix (that relate separate elements’ characteristics)
are set to zero. The overall result is a two-by-two matrix
relating ∆P and ∆Q which are the deviations in real and
reactive power of a single DG unit respectively to ∆V and
∆θ which are the deviations in voltage magnitude and voltage
angular displacement of the same DG unit.



 
∆θ
∆P
J
JP V
(10)
= Pθ
JQθ JQV ∆V
∆Q
The angular displacement of the voltage θ of a DG unit is
not restricted by any standard or preferred mode of operation.
Hence, simultaneous equations can be used to exclude this
extraneous variable giving (11).
∆P =

−1
JP θ JQθ
(∆Q

− JQV ∆V ) + JP V ∆V

(11)

Equation (11) approximates the relationship between deviations in real and reactive power and deviations in voltage
magnitude. This relationship is the cornerstone for determining
the expected steady-state load flow solution incorporating the
proposed OV mitigation algorithm.
The steady-state tool is essentially two Newtonian iterative
solvers, one nested within another. The inner solver is simply
the Newton-Raphson load flow program. The outer tool aims
to assign the complex power output of each DG in a fair
manner whilst satisfying the requirements stipulated in (1),
(2) and (3) in accordance with the proposed OV mitigation
scheme. The outer tool operates within four different states
which are segregated by the three voltage threshold tiers V1 ,

V2 and V3 . The first state is solvable if a DG unit’s voltage
magnitude is less than V1 under condition (12).
Firstly, the Newton-Raphson load flow shall be run with
each DG unit exporting the maximum available power.
|S~DG | = Savailable

(12)

If the voltage at the DG unit’s PCC exceeds the first voltage
threshold tier V1 under operating condition (12), then the first
state will be rejected and the second state shall be adopted
where reactive power absorption shall be used to reduce the
voltage magnitude at the PCC. The second state is solvable if
V1 ≤ |V | ≤ V2 is satisfied within the domain defined in (4):
the maximum apparent power output shall remain constant
and the power factor is varied between p.f.limit lagging and 1.
Given:

~ 2 = P 2 + Q2
|S|

Linearisation about a known operating point (P0 , Q0 ) yields:
0 = P0 ∆P + Q0 ∆Q

(13)

The 0 on the left hand side is a result of the apparent power
being constant within the domain (4). The approximate desired
voltage deviation |∆V | can be constructed from the piecewise
equation (6). Let:
∆V = 2(Vdesired − V0 )

(14)

V0 is the magnitude of the voltage at the DG unit’s PCC at
a known operating point. The factor of two is a result of the
equation (11) where an equal voltage deviation is assumed to
result from the real and reactive power deviations. The voltage
~ | ≤ V2 . Hence,
domain at this stage of the algorithm is V1 ≤ |V
from (6):
Vdesired = (P0 /Savailable + m1 V1 )/m1
Where:
m1 =

(15)

1 − p.f.limit
V1 − V2

Substituting (14) into (15):


P0 /Savailable − 1 + m1 V1
− V0
∆V = 2
m1

(16)

Combining (11), (13) and (16), the complete linearised system
can be determined as shown in (17). If the reactive power Q at
the known operating point is zero, the system shall be reduced
to (18).
If the power factor limit has been reached and the voltage
threshold V2 has been exceeded, the second state is rejected
and the third state is introduced. The third state is solvable
~ | ≤ V3 within the domain
if a solution exists for V2 ≤ |V
expressed in (5). An appropriately sized DG will rarely use
this domain as real power curtailment can be severe and
represent a significant loss of income. A heavily restricted
power export can also create undesirable harmonic distortion.
The required filter inductance to ensure harmonic distortion
remains within acceptable levels is inversely proportional to


P0
1
1

Q0
Pθ
− JJQθ
0
"
1
1


k
1
1


 
0
∆P


JP θ JQV
0
− JP V  ∆Q =  

JQθ
P0 /Savailable −1+m1 V1
∆V
− V0
2
0
m1
0

JP θ JQV
JQθ

−1
Pθ
− JJQθ
0

− JP V

0



#

#
 "
0
∆P


=
−1+m1 V1
∆V
− V0
2 P0 /Savailable
m1


 
0
∆P


JP θ JQV
0
− JP V  ∆Q =  

JQθ
P0 /p.f.limit +m2 V3
∆V
− V0
2
0
m2
0



(17)

(18)

(22)

the output power of an inverter [19]. It may be prudent to
isolate the inverter when significant power curtailment occurs
to ensure that significant harmonic distortion does not occur.
Beginning with:
tan(cos−1 (p.f.limit )) =

Q
P

Linearisation yields:

Fig. 3. Example Network

∆P (tan(cos

−1

(p.f.limit ))) + ∆Q(−1) = 0

(19)

The power factor is constant within the domain (5). Equation
(17) does not require the knowledge of initial operating points.
~ = 0 will not produce a
An initial operating point of S
singularity upon solving, hence a second matrix is not required
as in the second state.
The voltage domain at this stage of the algorithm is V2 ≤
|V | ≤ V3 . Hence, from (7):
Vdesired = (P0 /p.f.limit + m2 V3 )/m2
where:
m2 =

(20)

Savailable
V2 − V3

Substituting (20) into (14):


P0 /p.f.limit + m2 V3
− V0
∆V = 2
m2

(21)

Combining (11), (18) and (21), another complete linearised
system can be determined as shown in (22), where k =
tan(cos−1 (p.f.limit )). The fourth and final state is an export
of no power at which point the inverter will likely isolate
itself from the grid via anti-islanding protection. This state
should never be utilised during healthy operation of the grid
and should be avoided through appropriate network planning.
The outer tool shifts between states as necessary based on
the resultant magnitude of the voltage at the DG’s PCC until
a satisfactory operating point is found. Once the algorithm
for determining the steady-state value of a DG unit has been
completed, a simple cost analysis can be undertaken using
(22).
Z ∞
L=R
P (t)dt
(23)
−∞

Where L and R are the total loss ($) and pay rate ($/kWh) respectively and P (t) in the power loss across time (kW). If this
cost is greater than the cost of an infrastructure upgrade (minus
the losses under the upgrade condition) then an infrastructure
upgrade is economically viable. It is important to note that
the anticipated losses incurred are dependent on the growth of
the feeder. For example, an increased DG penetration could
represent a greater net loss for all DG proprietors. On the
other hand, if load growth exceeds DG growth, losses are
likely to be reduced. The net loss calculation is useful for
determining when a network infrastructure upgrade is cost
effective. There are also various other benefits in upgrade network infrastructure such as increased fault reach and reduced
line over-loading which should be taken into account during
the network planning process.
V. S IMULATION
In order to demonstrate the plausibility of the OV mitigation
control scheme in practical application, a very simple network
is constructed as shown in Figure 3. The simulation software
has been composed by the author within the Matlab environment. The simulation is run twice, once with both DG units
implementing constant power control and again using the OV
mitigation scheme presented within this paper.
The line and load data is presented in the appendix in
Table II. The infinite bus is operating at a voltage of 1.005
per unit in an 11kV network. The transformer and DG data
is shown in the appendix in Table III and Table IV. Each
DG has an LCL filter. The grid side inductor is simply a
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distribution transformer.
Load 1 is permanently connected to the network. Load 2 is
isolated at 0.05 seconds. Without load 2, both DG units have to
export power into the infinite bus in order to output a constant
power. The resultant voltage magnitude at DG2 as shown in
Figure 4. A clear increase in steady state peak voltage can be
observed after the isolation of Load 2.
The same situation is simulated implementing the OV mitigation scheme proposed within this paper. The new resultant
voltage magnitude at DG2 as shown in Figure 5.
A close analysis of Figure 5 shows the average voltage
after the isolation of Load 2 to be approximately 1.0101
p.u. Using the piecewise equations (6) and (7), the power
factor and apparent power set points can be calculated. The
expected real and reactive power output can be determined to
be 49.925 KW and 2.737 kVAr respectively. The real power
output is shown in Figure 6. The average power was recorded
to be approximately 49.95 kW. The resultant reactive power
is presented in Figure 7. The average reactive power is shown
to be approximately 2.75 kVAr as expected. The noise within
both of the power waveforms is due to the measuring point of
the voltage being located on the DG side of each distribution
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Fig. 7. DG2 reactive power recording with OV mitigation

transformer.
These results are not intended to be a comprehensive review
of the proposed OV mitigation scheme; rather an exploration
into the plausibility of using piecewise equations to govern
the real and reactive set points of inverter interfaced DG
such that the most cost-effective result is obtained within
any predefined voltage restrictions. The results show that the
voltage was in fact curtailed under the low load condition using
reactive power absorption when the first voltage threshold was
reached. The set points chosen in this study are arbitrary and
can be altered to better suit the economic and power quality
requirements of the network.
VI. C ONCLUSION
A simple and practical OV mitigation scheme has been
proposed within this paper. There are many advantages of
the proposed scheme over a variety of other control schemes,
including: plug-and-play compatibility, no need for communications, simple integration with existing constant power
control schemes for inverters and a fair and equitable system
for power flow allocation. Possible complications may arise
where DG penetration reaches a significantly high percentage
of the energy supply within a feeder. For example, if an island
was to be formed when DG penetration levels are over 100%

of the island, the OV mitigation scheme would prevent an
OV situation from occurring that would normally be detected
by anti-islanding protection. However, this problem is easily
remedied if a significant reactive power requirement from the
load cannot be met due to the loss of mains [20]. The DG
control scheme within this paper does not allow voltage or
reactive power support through reactive power injection of DG
units. Hence, it is very likely that the anti-islanding protection
would operation on under/over frequency or rate of change
of frequency (ROCOF) protection. Failing those modes of
protection, active anti-islanding methods such as vector shift
will likely remove any non-detection zones [21], [22], [23].
Future work shall investigate the plausibility of incorporating line and transformer loading limits. Line and transformer
loading becomes more problematic when reactive power is
injected by DG units [14]. However, reactive power support is
a useful tool for preventing voltages sags and is another topic
for future consideration. The effects of apparent power curtailment on harmonic distortion also requires further research. It
is envisaged that a more robust filter design may be necessary
for significant power curtailment. Alternatively, an early trip
may be warranted if the harmonic distortion becomes too great.
Further, the implications of OV mitigation schemes on overcurrent protection operation are generally not well understood.
The presence of DG penetration has been restricted in the
last few years in Australia due to the presence of OV. Once
OV issues no longer pose a threat to the healthy operation of
Australian DNs, protection maloperation will likely become
the next limiting factor in DG proliferation.
A PPENDIX
TABLE II
E XAMPLE N ETWORK VALUES
Lines
Line 1
Line 2
Line 3
Line 4
Loads
Load 1
Load 2

Impedance (Ω)
0.5 + j0.125
0.5 + j0.125
1 + j0.125
10 + j0.0314
Complex Power S (kV A)
50
200

TABLE III
T RANSFORMER D ATA
Voltages (Vl−lrms )
Primary Winding Impedance (Ω)
Secondary Winding Impedance (Ω)
Magnetising Branch Impedance (Ω)
Connection

11000/400
0.01 + j0.31416
0.01 + j0.31416
100000 + j28274334
Star/Delta
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